Cells typically maintain characteristic shapes, but the mechanisms of self-organization for robust morphological maintenance remain unclear in most systems. Precise regulation of rod-like shape in Escherichia coli cells requires the MreB actin-like cytoskeleton, but the mechanism by which MreB maintains rod-like shape is unknown. Here, we use time-lapse and 3D imaging coupled with computational analysis to map the growth, geometry, and cytoskeletal organization of single bacterial cells at subcellular resolution. Our results demonstrate that feedback between cell geometry and MreB localization maintains rod-like cell shape by targeting cell wall growth to regions of negative cell wall curvature. Pulsechase labeling indicates that growth is heterogeneous and correlates spatially and temporally with MreB localization, whereas MreB inhibition results in more homogeneous growth, including growth in polar regions previously thought to be inert. Biophysical simulations establish that curvature feedback on the localization of cell wall growth is an effective mechanism for cell straightening and suggest that surface deformations caused by cell wall insertion could direct circumferential motion of MreB. Our work shows that MreB orchestrates persistent, heterogeneous growth at the subcellular scale, enabling robust, uniform growth at the cellular scale without requiring global organization.
Cells typically maintain characteristic shapes, but the mechanisms of self-organization for robust morphological maintenance remain unclear in most systems. Precise regulation of rod-like shape in Escherichia coli cells requires the MreB actin-like cytoskeleton, but the mechanism by which MreB maintains rod-like shape is unknown. Here, we use time-lapse and 3D imaging coupled with computational analysis to map the growth, geometry, and cytoskeletal organization of single bacterial cells at subcellular resolution. Our results demonstrate that feedback between cell geometry and MreB localization maintains rod-like cell shape by targeting cell wall growth to regions of negative cell wall curvature. Pulsechase labeling indicates that growth is heterogeneous and correlates spatially and temporally with MreB localization, whereas MreB inhibition results in more homogeneous growth, including growth in polar regions previously thought to be inert. Biophysical simulations establish that curvature feedback on the localization of cell wall growth is an effective mechanism for cell straightening and suggest that surface deformations caused by cell wall insertion could direct circumferential motion of MreB. Our work shows that MreB orchestrates persistent, heterogeneous growth at the subcellular scale, enabling robust, uniform growth at the cellular scale without requiring global organization.
bacterial cytoskeleton | biophysical modeling | morphogenesis H ow cells maintain stable and defined morphologies is a fundamental question in all branches of life. Building cellularscale structures with the correct spatial architecture and mechanical properties requires that nanometer-scale proteins have the ability to detect and alter cell shape across multiple length scales. In walled organisms such as plants (1) (2) (3) (4) (5) , fungi (6) , and bacteria (7) (8) (9) (10) , morphogenesis is often achieved through an interplay between the cytoskeleton and cell wall synthesis. A central challenge in bacterial physiology is to understand the feedback between cell shape and the coordination of wall growth by the cytoskeleton.
The cell wall plays a critical mechanical role in balancing turgor stress in virtually all bacteria and is both necessary and sufficient to define cell shape (11) . The bacterial cell wall is a mesh-like network of sugar strands cross-linked by peptides (11, 12) . In rod-shaped Escherichia coli cells, cell wall growth occurs along the cylindrical body. Biophysical modeling has suggested that a random pattern of insertion cannot preserve cell shape (13) , indicating that spatial coordination of the growth machinery is necessary for cell shape maintenance. Several lines of evidence demonstrate that the actin homolog MreB (14, 15) plays a major role in this coordination in most rod-shaped bacteria. The small molecule A22 depolymerizes MreB and causes a gradual transition from a rod-like to a spherical shape (15) (16) (17) . This observation suggests that the disruption of MreB changes the patterning of new material insertion, although the nature of this change remains unknown (13) . In both E. coli (10) and Bacillus subtilis (8, 9) , MreB rotates around the long axis of the cell in a manner dependent on cell wall synthesis, suggesting a connection between MreB and growth. In E. coli, depletion of cell wall precursors halted MreB motion (10), and in B. subtilis, the motion of cell wall synthesis enzymes was similar to that of MreB (8, 9) .
However, no direct evidence has been presented to show that spatiotemporal patterns of MreB colocalize with new cell wall insertion. Moreover, we currently do not know whether MreB directly coordinates the spatial pattern of cell wall insertion, what governs the localization of MreB, or how cells maintain a straight, rod-like shape. Here, we introduce imaging methodologies to discover a feedback among cell shape, MreB localization, and cell growth that actively straightens cells. We found that MreB preferentially localized to negatively curved regions of the cell outline and was depleted from regions of positive curvature. We show that cell wall growth is colocalized with MreB, which persists at a given location for several minutes, resulting in bursts of localized growth. Consistent with an active mechanism for cell straightening, cell curvature exhibits oscillatory dynamics in which the bending direction of the cell is reversed by growth. We construct growth maps of single cells that enable the quantification of bursts of growth and find that their time scales are similar to that of MreB spatial persistence. In the presence of A22, growth becomes more homogeneous, and we directly obSignificance Across all kingdoms of life, maintaining the correct cell shape is critical for behaviors such as sensing, motility, surface attachment, and nutrient acquisition. Maintaining proper shape requires cellular-scale coordination of proteins and feedback systems that enable responses that correct local morphological perturbations. Here, we demonstrate that the MreB cytoskeleton in Escherichia coli preferentially localizes to regions of negative curvature, directing growth away from the poles and actively straightening locally curved regions of the cell. Moreover, our biophysical simulations of curvature-biased growth suggest that cell wall insertion causes surface deformations that could be responsible for the circumferential motion of MreB. Taken together, our work demonstrates that MreB's local orchestration of persistent, bursty growth enables robust, uniform growth at the cellular scale.
serve insertion of material at the poles, suggesting that it is curvature-dependent localization of MreB that prevents polar growth. Integrating our experimental data into a model for cell shape maintenance, we use biophysical simulations to show that a linear curvature enrichment profile biasing growth to negatively curved regions of the cell wall tends to straighten a bent cell. Moreover, deformations in cell geometry resulting from the incorporation of new glycan strands increase the processivity of insertion, suggesting that the rotational motion of MreB itself may be a result of geometric localization.
Results
MreB Localization Is Curvature Dependent. MreB fluorescence patterns were initially interpreted to form a helix but were later found to form distinct subcellular structures (10, 18). It is unknown whether these MreB structures are randomly distributed throughout the cell or are localized in a specific manner. In vitro, MreB polymers bind directly to the outside of lipid vesicles and can induce inward indentations of the membrane (19) , suggesting that MreB filaments have an intrinsic curvature preference (20) . We thus considered the hypothesis that MreB localization in vivo occurs in a curvature-dependent manner. To determine whether subcellular MreB localization was influenced by cell shape, we constructed an E. coli MG1655 strain with an mreB monomeric Venus sandwich fusion (MreB mVenus ) as the sole copy of mreB at its native chromosomal locus (SI Materials and Methods and Tables S1 and S2) (21) . Relative to the ancestral strain, this fusion had a quantitatively similar exponential growth rate and comparable cell length and width distributions (Fig. S1  A and B) . MreB mVenus clustered on the cell periphery and rotated around the long axis of the cell, consistent with previous studies (8) (9) (10) .
To visualize and track extended periods of elongation within single cells, we induced filamentation by treating the cells with cephalexin, an inhibitor of the division protein FtsI (PBP3) (22, 23) . Under this treatment, cells failed to divide but exhibited otherwise healthy growth, with cell length increasing at rates comparable to WT exponential growth (doubling in length every ∼25 min). We used phase contrast and epifluorescence timelapse microscopy to image cell growth and shape in combination with the fluorescence pattern of MreB mVenus (Fig. 1A) . Using custom image processing software, at each time point, we used the phase contrast images to identify the outline of the cell midplane with subpixel resolution. At each point along this contour, we measured the MreB fluorescence intensity and calculated the contour curvature, which characterizes the degree of local bending of the cell surface ( Fig. S2 and SI Materials and Methods). For a rod-shaped cell with constant cell width and hemispherical poles, the 1D curvature of the midplane contour fully characterizes the cell's geometry, with positive and negative values representing local outward bulges and indentations, respectively. These data were then organized into spatiotemporal maps (kymographs) of contour curvature and MreB localization. We noted that, in addition to the high curvature at the poles, cells exhibited a spectrum of curvatures along the cell body (Fig.  1B and Fig. S1C ), including regions of overall cell bending, dimpling, and bulging (Fig. S3) . Distinct absences of MreB from the cell poles were immediately evident, as well as concentrations of MreB over time in regions of negative contour curvature (such as indentations or the inner curvature of a curved portion of the cell; Fig. 1 B and C) .
To quantify the enrichment of MreB as a function of cell geometry, we correlated the localization of fluorescent MreB on the cell periphery with the curvature measured along the cell contour. For each cell, we determined the distribution of curvatures during its time course of growth. These distributions peaked around zero, indicating that most of the cell contour is locally straight (Fig. S1D ). However, there was a spread of positive and negative values around zero curvature and also a smaller peak around ∼2 μm −1 that represented the positively curved poles. By normalizing the total intensity of MreB localized to regions with a particular curvature to the frequency of occurrence of that curvature at each time point, we obtained the average MreB enrichment as a function of the contour curvature for each cell ( Fig. 1D and Fig. S4 ). These enrichment profiles indicated how much more (>1) or less (<1) concentrated MreB was across different curvatures, compared with being randomly localized (=1) within a single cell. In all cells, we observed MreB enrichment at regions of negative contour curvature and partial depletion in regions of positive curvature, with the largest degree of depletion at polar curvatures ( Fig. 1D and Fig. S4 ). At small positive curvature, the distribution of measured enrichment values broadened significantly, indicating that a fraction of MreB was enriched at positive curvature, whereas the majority was partially depleted. We ruled out simple geometric effects due to cell bending as a source of apparent localization (SI Materials and Methods and Fig. S5 A and B) . We established the statistical significance of these enrichment profiles through random permutation of the fluorescence profiles (SI Materials and Methods), and observed similar enrichment across many cells (n = 209; Fig. S4 ).
To examine whether our results from 1D cell contours translated to the 2D surface curvatures that more accurately describe the physical interaction between MreB and the cell surface, we developed an imaging technique to quantify the mean and Gaussian curvatures of individual cells, which collectively specify whether a point on the surface is part of an outward bulge, an inward indentation, or a bend in the cell. We then correlated these data with MreB fluorescence (SI Materials and Methods, Fig. 1E, and Fig. S6 ). Consistent with our 1D contour data, MreB was enriched at both negative Gaussian curvature and low mean curvatures of less than ∼1/μm (Fig. S5 C and D and SI Materials and Methods). To test whether the curvature-dependent localization of MreB was specific to cells growing approximately as straight rods, we used cephalexin to filament cells in curved agarose chambers (24) , forcing the cells to adopt sinusoidal shapes with a broader spectrum of curvatures. Commensurate with our contour curvature measurements, these cells exhibited MreB enrichment at low mean (negative Gaussian) curvature and partial depletion at high mean (positive Gaussian) curvature (n = 104 cells; Fig. 1F ). Thus, in a curved cell, MreB would preferentially localize to the inner curvature, where more growth is required to straighten the cell. Nonetheless, a nonzero amount of MreB would still localize to the longer, positively curved side of the cell. Together these results demonstrate that MreB localization is driven by local variations in cell shape and preferentially accumulates at sites of negative curvature.
High-Affinity, Locally Stationary Cell Surface Marker for Probing Cell Wall Growth Patterns. To determine whether the regions enriched in MreB experienced higher levels of cell wall growth, we developed a method to quantify local cell growth. Previous single time-point electron microscopy studies suggested that new cell wall is incorporated in patches along the cylindrical cell surface (25) . We reasoned that if cell surface growth is sufficiently heterogeneous, any label that binds with high affinity, is locally stationary, and has a long fluorescence lifetime could serve as a fiducial marker of cell growth in a time-lapse pulse-chase experiment. In such an experiment, the fluorescent markers bound to the cell during the initial incubation would be spread apart by the incorporation of new unlabeled (dark) material (26) , and the dynamics of spreading would encode information about the pattern of growth ( Fig. 2A) . Recently, fluorescent D-amino acids were shown to incorporate into the growing cell walls of bacteria (27, 28) . However, their low labeling density and short fluorescence lifetimes make them unsuitable for tracking growth at short length scales and across generational time scales. The lectin wheat germ agglutinin (WGA) is known to label the N-acetylglucosamine subunits (29) that form the backbone of the cell wall and has been shown to label isolated E. coli sacculi (27) . Although WGA has previously been used to label Gram-positive cells (30), we were surprised to find that fluorescent analogs of WGA (flWGA) labeled the periphery of Gram-negative E. coli MG1655 cells. After incubation and subsequent removal of excess flWGA, time-lapse imaging of growing cells showed a transition from nearly uniform labeling to a progressively more punctate pattern (Fig. 2B) . The polar regions of the initial cells, where MreB was highly depleted, remained highly fluorescent, indicating little growth had taken place there (Fig. 2B ).
We performed a series of controls to validate flWGA as a high affinity, locally stationary marker that could be used as a reporter of local cell wall growth. We colabeled cephalexin-treated cells in a pulse-chase experiment with both Alexa-488 WGA and the fluorescent D-amino acid HADA, which was previously shown to label cell wall cross-links (27, 28) . After a period of growth, the peripheral, punctate fluorescence patterns of the two labels exhibited a sample correlation coefficient >0.9 (with or without inclusion of the poles, P < 10 −84 ; SI Materials and Methods and Fig. 2 C and D), demonstrating that like HADA, flWGA can be used as a reporter of the localization of cell wall growth. Moreover, the much higher fluorescence yield of flWGA relative to HADA enables quantitative imaging over long time intervals. Fluorescence recovery after photobleaching experiments on flWGAlabeled cells with existing punctate fluorescence patterns demonstrated that WGA fluorescence was locally stationary over long periods of growth (>50 min) in all regions of the cell (Fig.  S7A ). In addition, we used antibiotics to convert WT rod-shaped cells into proliferating L-forms that lack a cell wall (31, 32) , and observed that L-forms failed to label with flWGA (Fig. S7 B-G). Cells grown with flWGA had no observable defects in cell morphology compared with unlabeled cells (Fig. 2B ). Although these control experiments cannot distinguish between a scenario in which WGA somehow passes through the outer membrane to bind directly to the cell wall and a scenario in which WGA binds to an abundant component of the outer membrane that is itself bound to the cell wall, in either event, they strongly indicate that flWGA is a valid marker for surface growth that can reveal the pattern of new cell wall incorporation through pulsechase experiments.
MreB Persistently Colocalizes with Regions of Local Growth. Similar to non-cephalexin-treated cells, we observed that the cell periphery of cephalexin-induced filamentous cells was initially uniformly labeled in flWGA pulse-chase experiments, and incorporation of new unlabeled material led to the emergence of a punctate fluorescence pattern along the cell periphery, whereas high fluorescence intensity at the poles was maintained ( Fig. 2 C and D). Therefore, given the large amounts of growth achieved during elongation, we focused on these filamentous cells to correlate MreB mVenus localization with regions of new growth. We hypothesized that if MreB localization was spatiotemporally coordinated with active sites of insertion, the presence of MreB would be strongly correlated with dark patches of newly inserted material and hence there would be a negative correlation between the MreB and WGA fluorescence signals. Indeed, we observed a negative correlation that was highly statistically significant ( Fig. 3 A-C, Fig. S8A , and SI Materials and Methods), whether or not the fluorescent polar regions were included in our analysis. The magnitude of this correlation was highest at early times and then slowly decreased as both the MreB and WGA fluorescence signals degraded due to photobleaching and as the flWGA markers spread apart. Nonetheless, the strong negative correlation persisted on the generational time scale, demonstrating that MreB is localized to active sites of cell wall growth.
The observation that cell growth led to punctate WGA fluorescence patterns requires that the amount of new unlabeled material locally inserted between two adjacent fluorescent puncta must have been large enough to overcome the blurring effects of the optical point spread function of the microscope (Fig. 3A) . Hence, we reasoned that, in addition to being localized at sites of growth, MreB structures must persist at distinct locations along the cell length for time intervals that are long compared with the (Fig. S8B) . In some cases, repeated flashes of fluorescence intensity can be seen alternating from one side of the cell to the other (Fig. 3B, Inset) , corresponding to several rotations of MreB around the long axis of the cell. In cells displaying a broader spectrum of bending, MreB still exhibited localization persistence to negatively curved regions of the cell, but the MreB structures appeared to partially redistribute on the opposite side of the cell (Fig. 1C) , abolishing the mirror-like localization symmetry observed in straighter cells. In either case, MreB clearly localized to distinct regions along the length of the cell. To quantify this localization persistence, we correlated the pattern of MreB fluorescence observed at one time with all subsequent times and then fit the resulting decay in autocorrelation through time to an exponential function. The corresponding time constant measured the time scale over which MreB localized and circumferentially revolved within the same region of the cell. In individual cells, the autocorrelation function was well fit by exponentials with a time constant of 3-10 min ( Fig. 3D and  Fig. S8B ). During this time, MreB makes approximately two to six rotations around the long axis of the cell. Thus, in addition to being correlated with local features in cell shape, MreB localization is highly persistent and associated with active sites of growth.
Cell Growth Occurs in Bursts with a Time Scale Similar to MreB
Persistence. We reasoned that if MreB localized into persistent structures that correlate with sites of active growth, then we should measure heterogeneous rates of local growth along the cylindrical portion of the cell. We used the flWGA puncta as fiducial markers of local growth, with the rate at which they spread apart from each other on the cell surface serving as a measure of the local rate of material insertion. To track extended periods of elongation, we extracted WGA fluorescence profiles along the cell contour for each time point during the growth of cephalexin-treated cells, aligned those profiles to produce a map of the WGA fiducial markers over the cell surface in time (Fig. 4 A-C) , and then quantified the expansion and coherent movement of WGA puncta on the cell surface. This strategy enabled us to quantify the spatial and temporal patterns of cell growth with diffraction-limited resolution (Fig. 4D) .
As the cell grew, each fiducial marker produced a distinct fluorescence track in time, and we designed a connected-component analysis algorithm to identify and quantify the positions of these tracks (Materials and Methods). By computing the rate at which all pairs of adjacent tracks spread apart, we constructed growth maps for individual cells (Fig. 4D and Fig. S9 ). The mean fractional elongation rate of the cell was ∼2.6% min −1 , commensurate with a cell length doubling time of ∼24 min, and consistent with the rate of growth in dividing populations (Fig.  S1A) . However, different pairs of markers moved apart at different rates; some regions appeared to sustain rates that were several times higher than the cellular average (Fig. 4D, red  streaks) . In each of these regions, usually numbering more than 100 per cellular growth map, we quantified the time scale over which the increase in growth rate dropped back to the average rate. Consistent with our measurement of MreB spatial persistence (∼3-10 min), these spatially localized bursts of growth had a typical time scale of ∼5 min (Fig. 4D, Inset, and Fig. S9 ).
Although our results suggest that flWGA pulse-chase imaging can be used as a read-out of the spatial pattern of cell wall insertion, there are other processes, such as bond cleavage, that could also result in cell wall expansion. In rare instances, the growth maps showed small regions of negative growth (contraction), which may have resulted from local, transient increases in cross-linking density, compressive stresses (e.g., due to insertion of material in surrounding regions), or from internal structures that render that region more rigid, causing it to shrink relative to its more extended state. Nevertheless, the vast majority of fiducial marker tracks spread in a manner indicative of heterogeneous insertion that occurred in bursts. All of our observations in Fig. 4 represent general classes of behavior (Fig.  S9) and may provide insights into recent, static measurements of focal insertion in bacterial sacculi (33) . Taken together, the dynamics of WGA and MreB fluorescence indicate that MreB preferentially localizes to sites of negative curvature and that MreB localization correlates with local cell wall insertion and exhibits a persistence that establishes a spatially and temporally heterogeneous pattern of cell growth.
Pattern of Cell Wall Growth Produces Curvature Oscillations. Given the observed pattern of MreB curvature enrichment and that MreB localizes to sites of growth, we hypothesized that through persistent localization, MreB might be part of a mechanical feedback loop that directs more growth to the shorter, negatively curved side of the cell, resulting in a straightening of the cell body and subsequent reduction in local negative curvature. In such a feedback loop, the repetitive processes of local bending, growth localization, and subsequent local straightening (and possible overshoot) should cause the long axis of the cell to oscillate as cell length increases. Closer examination of our curvature kymographs revealed oscillations in cell shape with a micrometer-scale wavelength (Fig.  5A ). In particular, we observed growth-dependent patterns in cell curvature in which a region of negative curvature turned into a region of straight or slightly positive curvature flanked by two regions of negative curvature (and vice versa; Fig. 5B ), producing a branching pattern of curvature on the cell surface over time. These data suggest that curvature-mediated MreB control of cell growth is an active mechanism of cell shape control.
MreB Inhibition Reduces Growth Heterogeneity and Results in Growth
at Polar Regions. Our measurements indicated that MreB persistently localized to sites of growth and that growth was directed away from the poles and occurred heterogeneously on the cylindrical cell surface, consistent with the patterns of MreB localization. To determine whether MreB was required for the observed spatial pattern of growth, we tested whether the observed pattern of new material incorporation was disrupted by depolymerizing MreB with the small molecule A22 (16) . A22 treatment results in a homogenous cytoplasmic distribution of MreB and causes cell shape to gradually transition from rod-like to spherical over several generations (13) .
In flWGA pulse-chase experiments in the presence of A22, examination of the fiducial marker field indicated that splitting of fluorescent WGA puncta by bursts of new insertion was less evident in A22-treated cells than in nontreated cells. Furthermore, the initial heterogeneity in WGA fluorescence created by growth in the absence of A22 was virtually unaltered by growth in the presence of A22, indicating largely homogeneous growth that simply diluted the existing fluorescence pattern (Fig. 6A) .
During normal growth, E. coli cells insert little if any new material at the poles (Fig. 6B) , which has previously been attributed to the polar peptidoglycan being rendered metabolically inert by an unknown mechanism (34) . In a pulse-chase experiment, WGA fluorescence at the poles decreased during A22 treatment, suggestive of new cell wall insertion and coincident with a decrease in polar curvature as the cells swelled (Fig. 6C) . To directly confirm that polar cell wall insertion took place, we labeled fila- mentous cells with Alexa-594 WGA (red fluorescence) in a pulsechase experiment and then imaged them on agarose pads containing Alexa-488 WGA (green fluorescence) in the presence or absence of A22. In untreated cells, the older red label was retained at the cell poles and occluded the incorporation of new green label; the poles remained red, whereas the growing cylindrical body accumulated green label as the cell grew ( Fig. 6 B  and D) . In contrast, cells treated with A22 incorporated the new green label both in the cylindrical region and at the poles ( Fig. 6 C and E) , indicating incorporation of new material at the poles. These data suggest that clustered MreB is required for growth heterogeneity in the cylindrical portion of the cell and is responsible for directing growth away from the cell poles, consistent with our observations of curvature-dependent MreB localization (Fig. 1) .
Biophysical Modeling Indicates That Curvature Feedback During Growth
Results in Active Cell Straightening. Our experimental data suggested that MreB localization correlates with cell shape (Fig. 1) and that cell shape is modified by MreB-driven cell wall insertion (Figs. 3 and 5 ). Can this coupled feedback explain how cells maintain a straight morphology? To determine whether curvature-mediated growth enrichment would be sufficient to straighten a bent cell, we implemented a local curvature feedback in stochastic biophysical simulations of cell wall growth and investigated the evolution of cell shape over time. Similar in silico studies successfully predicted the morphological response of E. coli cells to antibiotics (35) and the left-handed twist observed during growth and osmotic shock (36) .
We initialized simulations with a bent cell and inserted new cell wall material with a spatial pattern such that each new growth site was chosen with a probability that decreased linearly with the local mean curvature (Materials and Methods), similar to our experimentally measured MreB curvature enrichment profiles ( Fig. 1D and SI Materials and Methods). These simulations did not explicitly incorporate the dynamics, structure, or localization of MreB; rather, they tested whether curvature-mediated insertion affects cell shape compared with random insertion. Over the course of one cell doubling, cells grown with a curvature bias yielded a straighter, rod-like morphology (Fig. 7A) ; we observed quantitatively similar behavior in repeated simulations (Fig. 7C) . Local curvature in our simulations was calculated over a length scale motivated by our diffraction-limited experimental measurements; interestingly, when curvature was calculated based on the surface topology at shorter length scales, our virtual cells did not fully straighten over the entire cell body. As a computational negative control, we modified the model so that cell wall growth was equally probable at all locations (no curvature enrichment). During simulated growth without a curvature bias, cell length increased but the bent cell shape persisted (Fig. 7B) .
Curvature-Based Localization May Explain MreB Rotational Dynamics.
Previous studies demonstrated that MreB rotation requires cell wall insertion (10) and hence was thought to be driven by the processivity of new peptidoglycan strand insertion. However, our simulations suggested an alternative, curvature-driven model for MreB rotation. Intriguingly, during our simulations, we observed striations of curvature oriented approximately circumferentially ( Fig. 7 A and B) . Simulations of the insertion of a new glycan strand into an ordered peptidoglycan network resulted in an indentation that extended from the ends of the newly inserted strand, with lower mean curvature than the surrounding region (Fig. 7D) . The length scale of this indentation was comparable to that of the glycan strand (∼30 nm) and was robust to changes in the glycan strand length and the density of cross-links along the newly inserted strand. We note that, although indentations of this size would not be resolvable via the techniques used in this work, the striations in Fig. 7 A and B that are eventually produced via repeated insertion have similar length scales to the cell wall itself. Although our simulations did not explicitly enforce persistent localization or rotation of the insertion machinery, the curvature striations suggested that the localization of new material was biased to shift along the circumferential direction from the locations of previously inserted strands. Indeed, we observed that new material was inserted in bands colocalized with the curvature striations. Therefore, our simulations not only indicate that curvature-dependent localization of MreB-mediated growth is a self-correcting mechanism for cell straightening but also suggest that the same curvature dependence could be sufficient to drive circumferential MreB rotation during cell wall insertion.
Discussion
Our findings suggest that E. coli cell shape is maintained, in part, by a self-correcting feedback mechanism in which MreB preferentially localizes to regions of the cell with low mean (negative Gaussian) curvature and directs local cell wall insertion, which in turn reduces the extent of negative curvature, leading to cell straightening. The approximately random localization of MreB around zero curvature suggests that cellular regions that are already straight maintain this local shape by growing evenly. For rod-shaped bacteria, such as E. coli, the ability to adjust growth patterns to variations in cell geometry could allow cells to locally straighten independently of global cell shape. The broader distribution of enrichment at small positive curvatures suggests that there might also be a subpopulation of MreB that is attracted to small positive curvature values or is entrained by the motion of the larger MreB polymer, allowing for selective increased growth in positively curved regions. Such insertion at positive curvatures could also allow for adaptation of cell shape to external mechanical constraints such as curved agarose chambers (Fig. 1E) (24) .
To reveal the relationships between cell shape and cytoskeletal localization, we developed imaging methodologies that simulta- neously measure the dynamics of cell shape (Fig. 1B) , cell wall insertion (Fig. 4) , and cytoskeletal localization (Figs. 1C and 3) . Motivated by our experimental data, simulations based on a biophysical model of cell wall growth indicate that curvaturebiased localization of insertion is sufficient to straighten a bent cell (Fig. 7) . Given the stochastic nature of growth and the forces that can act externally on the cell, the straightness of the cell is a reflection of the persistence length of the cell, i.e., the length scale over which the tangent to the cell midline becomes decorrelated. Our comparison of random and curvature-biased insertion using biophysical simulations strongly suggests that the persistence length of rod-like cell shape increases when material is inserted with a curvature bias. In addition, we previously demonstrated that rotational insertion by MreB helps to maintain cell width (10); the persistent localization of MreB for several rotations may also enable the cell to smoothly transition from curved to straight by continuously inserting around the entire circumference of the cell. Although it has been speculated that biochemical steps required for new cell wall insertion are responsible for the directed motion of an MreB cluster (10), an alternative hypothesis emerged from our simulations that was consistent with our experimental data: deformations in local cell surface geometry caused by cell wall insertion create a bias for approximately circumferential motion of a polymeric form of MreB that localizes in a curvature-dependent manner. How might MreB sense curvature? Given that MreB affects cellular stiffness (37) , the mechanics of MreB polymers may enable robust curvature sensing, with the ATP hydrolysis state, length of the polymer, bundling of the polymer, and/or other binding partners such as RodZ (21), possibly imposing geometric preferences. Additionally, it is possible that MreB localization indirectly depends on curvature through its association with other cell wall-associated proteins. Distinguishing subtle changes in curvature along the cell body requires that MreB forms polymeric structures (38) , and the size of these structures will be affected by the mechanical couplings among MreB polymers, the membrane, and the cell wall (39) . Although our results suggest that the curvature-sensing capacity of MreB is sufficient to straighten cells, it is also possible that other factors such as variability in wall ultrastructure and/or mechanical strain across the surface (both of which are likely coupled to curvature) affect MreB targeting of growth. The large separation in time scales between the persistence of features in cell shape (generational time scale or longer) and the transient localization of MreB (a few minutes) makes it difficult to determine whether a causal relationship exists between MreB localization and the establishment of cell shape; our data suggest that MreB both responds to and precipitates changes in cell shape.
Given that E. coli cells appear to achieve a uniform rate of elongation at the cellular scale through growth heterogeneity at the subcellular scale, it is possible that cells regulate the levels of heterogeneous insertion in space and in time through the degree of MreB persistence and/or cluster size. This heterogeneity could also lead to phenotypic variation within a community of cells. For instance, a burst of growth could preferentially segregate proteins to one daughter cell during cytokinesis, leading to inherent spatial asymmetries such as polar localization (26) . Likewise, given the correlation between growth and MreB localization, fluctuations in the amount of MreB inherited by daughter cells could lead to variations in individual cell growth rates.
Although our work suggests a mechanism for cell shape maintenance, several outstanding questions regarding rod-shaped bacterial morphogenesis remain. The mechanism of precise cell width determination remains unclear, although the importance of curvature-dependent MreB localization to cell shape maintenance suggests that MreB may also be a major factor in cell width control. In addition, the mechanism by which rod shape is established de novo from a wall-less cell (32, 40) is unclear, although our data support the intriguing possibility that MreB could both spatially organize wall construction by responding to curvature variations and create deformations through its mechanics and coupling to the nascent cell wall. Our strategy of simultaneous tracking of cell wall labeling, MreB fluorescence, and geometry, coupled with biophysical simulations that can test molecular-scale mechanistic models, should prove informative about both of these questions in future studies. The potential for local coordination of growth by the cytoskeleton and the complementary regulation of localization by cell shape during growth represent a broad paradigm for cellular morphogenetic control.
Materials and Methods
Time-Lapse Microscopy. Labeled cells were imaged on a Nikon Eclipse TE inverted fluorescence microscope with a 100× (NA 1.40) oil-immersion objective (Nikon Instruments). Images were collected using an Andor DU885 EMCCD camera (Andor Technology). Cells were maintained at 37°C during imaging with an active-control environmental chamber (HaisonTech). Images were collected at a fixed time interval (15-45 s) using MicroManager v1.3 (41), a free, open-source microscopy control platform.
Determination of Cell Contours from Images. Custom MATLAB (MathWorks) image processing code was used to segment cells and identify active cell contours from phase microscopy images and to associate those contours with distinct cells in time. Contour points were determined from a group of interpolated pixels using a gradient-descent algorithm. These points were spaced one pixel apart and provided subpixel resolution of the cell contour. Fluorescence intensity profiles were generated by integration of the image fluorescence along contour normal vectors uniformly spaced ∼1 pixel apart. Midplane contour curvature was a three-point measurement defined by the arc-length derivative of the vector field formed from the unit normals to the contour and did not rely on any correlation of curvature values on opposite sides of the neutral axis of the cell. Each curvature profile was smoothed with a low-pass Gaussian filter. There is effectively no lower bound on the magnitude of curvature that can be measured, whereas we estimate that optical limitations and the smoothing filter impose a limit on the maximum magnitude of measured curvature of no more than ∼7 μm −1 (for reference, the high positive curvature at the poles is ∼2 μm −1 ). Across a wide range of cellular data, the observed curvatures range from ∼−2 to ∼4 μm −1 and thus lie within the resolution limits. Curvature kymographs were constructed by aligning the curvature profiles in time using a least-square difference measure between adjacent time points. This same alignment was then transferred to the fluorescence kymographs.
Spatiotemporal Correlations Between MreB and Cell Contour Curvature. To calculate the MreB enrichment as a function of contour curvature, the probability distribution of contour curvatures was calculated as a histogram with fixed bin widths and bin positions for each time point. For each curvature bin, the intensity values of MreB localized at those curvature points were coalesced into another distribution (gray distributions in Fig. 1D and Fig. S4 ). This process was repeated for each time point to generate the distribution of MreB intensities at a particular value of curvature across time. We calculated the full distribution of MreB intensities at that curvature and the corresponding mean MreB intensity and then normalized by the amount of MreB that would be expected under the null hypothesis that MreB was randomly distributed, given the observed density of curvatures. We refer to this normalized mean density of MreB at a particular curvature relative to the amount expected by random localization as the mean MreB enrichment (dark green dots in Fig. 1D and Fig. S4 ). Simultaneously, we also randomly permuted the MreB signal to remove any correlation between curvature and MreB localization and recalculated the mean MreB enrichment as described above. We repeated this 500 times for each curvature bin to calculate the expected distribution of MreB enrichment under the null hypothesis, whose SD was then plotted as the orange dashed lines in Fig. 1D and Fig. S4 . For each curvature, the orange dashed line establishes the measure of statistical significance with respect to the null hypothesis. Curvature bins with lower counts from the original data set have a higher SD of the null hypothesis. For moderate negative and strong positive curvatures, the mean enrichment lies well outside the regime of the null hypothesis, confirming that MreB is genuinely enriched at moderate negative curvatures and depleted at high positive curvatures. At high negative curvatures the enrichment cannot be statistically distinguished from the null hypothesis, meaning the MreB is approximately randomly distributed at those curvatures. At low positive curvatures, the distribution of enrichment broadens, suggesting that MreB is sometimes enriched at those curvatures and sometimes depleted.
3D Surface Curvature Measurements. Cells were grown to OD 620 ∼ 0.3 in M63 medium with 0.5% glycerol and 0.2% casamino acids (Sigma Aldrich). Cell membranes were stained with the membrane dye FM4-64 (Invitrogen). To curve cells, we fabricated polydimethylsiloxane (PDMS) stamps to imprint sinusoidal channels in 2% (wt/vol) agarose pads (24) . Cells were placed on the pads with M63 medium, FM4-64, and 10 μg/mL cephalexin and then grown for 2-3 h at 37°C before imaging at 22°C on a 1% agarose pad using a custom-built inverted microscope with a 100× (NA 1.40) oil immersion objective (Nikon Instruments). Image stacks were taken by moving the objective in 100-nm steps over 40 steps. MreB fluorescence was imaged using MG1655 mreB msfGFP . Correlation data between cell shape and MreB localization were collected from 104 cells grown in sinusoidal channels.
Membrane surfaces were identified using custom software written in MATLAB. The fitting algorithm used an active contour (42) , in which the surface is modeled as an elastic sheet interacting with an external energy potential that depends on the image. To account for blurring due to imaging, we created a likelihood model to serve as the potential (43) . The contour was iteratively convolved with the 3D point spread function and then moved to decrease the squared difference between the original image and the convolution result. This process continued until a minimum energy was achieved. The 3D point spread function was measured by averaging multiple image stacks of 57-nm fluorescent beads (Bangs Laboratories) that were fixed at a distance of 200 nm from the coverslip.
Mean and Gaussian curvatures were calculated using first and second fundamental forms with a 250-nm spacing for derivatives. The surfaces were parameterized with cylindrical coordinates along the body and spherical coordinates at the poles. Curvatures at the poles were calculated by parameterizing the surface with a projection coordinate system. Histograms of curvature distributions were made by combining curvatures of points from all 104 cells weighted by local surface area. MreB enrichment was determined by performing a background subtraction and normalizing the average MreB fluorescence intensity to 1 for each cell. For each curvature interval, the mean MreB enrichment was calculated. Confidence intervals were calculated by bootstrapping using points separated by more than 300 nm in space.
MreB Autocorrelation Measurements. MreB temporal correlations were measured using a set of spatial windows that were fixed in size and whose number and spacing were commensurate with sampling above the diffraction limit. The center of each window moved with the local growing coordinate frame of the cell. At each time point, the correlation coefficient for each window was calculated as the dot product of the mean-subtracted, normalized fluorescence profiles with all other time points of the same window, thus creating a matrix of temporal cross-correlations. The possible correlation coefficient values range from −1 to +1. The early time aggregate of these data was then aligned in time, plotted, and fit to an exponential to measure the autocorrelation time constant.
Fluorescence Cross-Correlations of WGA and MreB. Whether MreB localized to sites of active growth was assessed by cross-correlation of the Alexa-594 WGA (Life Technologies) and MreB-mVenus signals at each time point in a set of matched kymographs over the time scale of cell doubling. For a single time point, the cross-correlation was calculated as the dot-product of the meansubtracted normalized fluorescence profile between the signals. For each time point, the highest and lowest 2% of MreB pixel intensities and lowest 2% of WGA pixel intensities were removed, so as not to skew the mean, and hence the measurement, by outliers.
Polar retention of WGA and depletion of MreB give rise to a generic anticorrelation between the signals. To test the robustness of the WGA/MreB anticorrelation, we imposed an additional curvature constraint to remove the polar regions, as defined by a conservative curvature cutoff of 0.667 μm ). To assess the statistical significance of these correlations, the MreB signal for each time point was randomly permuted, and the cross-correlation was calculated. This process was repeated 500 times for each time point to generate a time-varying distribution of cross-correlation values of the null hypothesis that there is no correlation between MreB fluorescence and WGA fluorescence. The mean value of this distribution is zero (by definition), and the SD of this approximately Gaussian distribution sets the scale of correlation required for statistical significance. In all cases at early time points, when the fluorescence signal in both channels is strongest, the cross correlations are well outside the regime of the null hypothesis, with or without the curvature constraint applied (P ( 10 −20 , poles included; P ( 10 −8 , poles excluded). As fluorescence in both channels degrades with time in a manner that depends on the total level of light exposure, the individual signal-to-noise ratios of each channel decline, and thus the magnitude of their cross-correlation declines with time. Additionally, the WGA signal suffers further reduction in signal-to-noise via dilution of the original signal across an exponentially increasing contour length as the cell grows.
Fluorescent D-Amino Acid Labeling. Fluorescent D-amino acids (FDAAs) were used to validate the spatial patterning of fluorescent WGA as an accurate marker of cell wall growth. MG1655 E. coli cells were grown in a pulse-chase experiment for 1 h with 20 μg/mL Alexa-488 WGA (Life Technologies) and 1 mM HADA FDAAs, which have previously been shown to specifically label peptide crosslinks in the E. coli cell wall (27) . Cells were washed to remove excess label and then grown for 30 min in lysogeny broth (LB) with 50 μg/mL cephalexin in the absence of label. Cells were then imaged on LB + 1% agarose pads with 10 μg/mL cephalexin at 37°C.
WGA Surface Labeling. Cells were labeled with the N-acetylglucosamine-and sialic acid-specific lectin WGA, conjugated to either Alexa-488/Oregon Green or Alexa-594 (Life Technologies). Briefly, 5 mL of cells was grown to exponential phase in LB, shaking at 37°C to OD 620 ∼0.5. One milliliter of these cells was washed with fresh LB by centrifugation and resuspension and diluted 1:10 into 1 mL of fresh LB. Twenty-five microliters of a once-frozen 1 mg/mL fluorescent WGA stock solution was added, and the sample was subsequently vortexed. Cells were incubated with the lectin for 20 min (or approximately one cell cycle) with shaking at 37°C in dark conditions. After incubation, the cells were washed twice with fresh LB to remove excess lectin, and 5 μL of labeled cells was deposited onto a LB + 1% agarose pad with 10 μg/mL cephalexin (Sigma Aldrich), allowed to air dry on the pad, and then promptly sealed with a #1.5 coverslip in a 125-μL FastWell (Grace BioLabs). The optimal cell spacing for time-lapse microscopy was ∼20-50 μm, which prevented cells from growing too dense to segment and track during the course of the experiment. Multicolor pulse-chase experiments were performed by repeating the above steps with multiple WGA conjugates. In these experiments, the first WGA label (Alexa-594 WGA) was incubated for 30 min, and the second WGA label (Alexa-488 WGA) assaying for the incorporation of new cell wall material was added to the agarose pad at a concentration of 10 μg/mL. In experiments to determine cross-correlation between WGA and MreB, after the initial washing step, cells were subsequently grown in liquid LB with 50 μg/mL cephalexin at 37°C for 20 min to ensure fiducial markers had time to spread apart and then were viewed on agarose pads.
Growth Maps and Burst-Time Distributions. Growth maps were calculated from pulse-chase experiments of cells labeled with Alexa-488 WGA. Kymograph data displaying the flow of fluorescent WGA fiducial markers over the cell surface in time were transformed into cylindrical coordinates with unit radius, where long time scale, coherent motions of the markers appear as tracks of high fluorescence intensity. All fluorescence peaks in the kymograph were detected, and for each peak, the time point, spatial position, and brightness of nearby peaks were used to compute a rank-ordered maximum likelihood list of possible connections between peaks. The likelihood function was composed of the product of three Gaussian functions, whose arguments were the difference in spatial position, the difference in temporal position, and the difference in peak fluorescence intensity. The SDs, three in total, of these Gaussians were free parameters chosen by the user, which specified a characteristic length scale, time scale, and intensity scale, respectively, over which to assess the possible relatedness of two peaks. These likelihood values were assembled into an adjacency matrix, and all peaks belonging to the same connected component group, defined by the two highest-ranked neighbor peaks, were linked into a fiducial marker track, which was then smoothed with a piecewise polynomial function. Fractional elongation rates were then calculated as the rate of spreading of adjacent tracks, specifically the change in adjacent track spacing per time step in which they appear. The resulting growth maps were displayed at fixed contrast to ameliorate the effects of outliers on visualization and then arranged onto the same coordinate system as the original fiducial markers to compose a detailed growth map. Growth bursts were defined as three or more nearest-neighbor connected regions of the growth map where the growth rate exceeded twice the mean growth rate at that time point and were measured until the growth rate fell back to or below the mean growth rate at that time. In these regions, a single exponential was fit to the growth rate values to determine a time constant for the burst. The distribution of times in Fig. 4D , Inset, and Fig. S9 included all bursts with a time constant longer than three time points (the minimum number of points required to constrain the exponential fit; ∼45 s) and shorter than the length of the experiment (∼30-50 min).
Curvature-Biased Cell Wall Growth Simulations. Simulations of cell wall growth extended the model from ref. 13 to include curvature-biased insertion. The computational model for the simulation of Gram-negative peptidoglycan is discussed in ref. 35 . An initially bent cell was produced by first generating a cylindrical peptidoglycan network with hemispherical endcaps. Peptide and glycan bonds were randomly removed to reproduce experimentally measured distributions of glycan strand length. Finally, several glycan strands were successively inserted on one side of the cylinder until the cylinder became bent. In the unbiased simulations, new glycans were inserted at randomly selected peptide bonds along the surface, including at the poles. In the curvature-biased simulations, the location for new glycan insertions was chosen by first randomly choosing a peptide, and then insertion occurred at that peptide with a probability that varied with the mean curvature measured at that peptide. The 2D curvature of each vertex of the simulated cell (at any intersection of peptide or glycan bonds) was measured according to ref. 44 . Smoothing of the curvature at every vertex with its nearest neighbors was applied to remove local surface roughness.
Further details about methods and data analysis can be found in SI Materials and Methods.
